Cyclic peptide nanotubes (CPNs) exhibit impressive structural, mechanical and chemical properties in resemblance to beta-sheet proteins found in silks and amyloids, and show potential as supramolecular nanotubes that can be utilized to generate novel nanocomposites and nanoporous thin films. Quantifying the persistence length and thermomechanical fragmentation of CPNs is of great importance for establishing a theoretical basis of how to generate rectilinear nanostructures with controlled aspect ratio and rigidity. However, factors governing the elasticity and dynamical breaking of these supramolecular nanostructures remain to be fully understood. Here we present a statistical analysis of the Young's modulus and persistence length of CPNs using fully-atomistic molecular dynamic simulations in explicit solvent. We show that the measured properties exhibit a dependence on the magnitude of the shear force applied, and extrapolation to the quasi-static deformation case yields 0.46 µm for the persistence length and 7.8 GPa for the Young's modulus, in agreement with our experimental observations from TEM images. We establish a theoretical model for the spatial and temporal distribution of stochastic fracture, which we use to explain the simulation-based observations of spontaneous fragmentation under an applied shear force. Our methodology, blending theory, simulation and experiments provide a framework that can be utilized to investigate the mechanical behavior of self-assembling protein materials, paving the way for their design towards biological and industrial applications.
Introduction
Organic nanotubes can be readily formed by self-assembling supramolecular motifs such as cyclic peptides, dendrimers, DNA, surfactants and rosettes in solution and in membranes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Unlike inorganic nanotubes, the organic counterparts are dynamic nanostructures stabilized by interand intra-molecular interactions. This structural morphology allows modular self-assembly with a rich diversity, providing unique opportunities, such as biomolecular building blocks to synthesize functional materials through directed self-assembly.
There is an increasing industrial need for thinfilm membranes with precisely aligned subnanometer channels for molecular separation applications such as carbon capture, low-energy water desalination, reaction product isolation or impermeable surface coatings [13] [14] [15] [16] [17] [18] . In a recent study [19] , flexible polymeric membranes with perpendicularly aligned subnanometer pores were fabricated through directed assembly of nanotube-forming peptide-polymer conjugates, demonstrating the potential to align nanochannels in polymer thin films. The pores consist of cyclic peptide nanotubes (CPNs), i.e. polypeptides that self-assemble into nanotubes via inter-ring hydrogen bonding [1] . The CP side-chains are conjugated with polymers that mediate the co-assembly of nanotubes within the microdomains of a block-copolymer matrix, leading to a thin film with hexagonally packed subnanometer diameter pores aligned throughout the film. Gas selectivity tests on these membranes showed size-selective transport of CO 2 over neopentane at rates that exceeded continuum approximations by Knudsen diffusion [19] . More interestingly, the capability to introduce structural mutations into the CPs by inserting functional groups pointing towards the pore interior has been achieved [20] . Molecular dynamics (MD) simulations have identified that a single mutation is an effective design option to achieve selective transport, while having minimal impact on the thermomechanical stability, which was not observed in the case of multiple mutations [20] . Thus, with their rich chemistry, CPNs overcome limitations of carbon nanotubes in creating tunable interiors, and enable a nascent route towards unforeseen selective transport capabilities.
Recently, studies on the mechanics of individual CPNs under different deformation scenarios relevant to pressurized thin-film stress conditions have been pursued [21, 22] . These investigations have revealed the failure mechanisms of CPNs in extreme environments, thereby providing guiding insight into tough membrane design through the formation of hydrogen-bonded hard phases [23] [24] [25] . This knowledge builds upon earlier MD and multi-scale investigations on the self-assembly, structure, thermodynamical stability and mechanical properties of amyloid fibrils observed in neurodegenerative diseases [26, 40] , self-assembling betasheet nanocrystals in spider silk [23] [24] [25] , beta-solenoids in viral fibers [27, 28] and, most recently, [21, 22] CPNs from natural and non-natural amino acids [20] . These calculations have been validated with structural parameters obtained from experimental studies, such as intersubunit distance, backbone hydrogen bond lengths or crystal unit cell parameters, as well as basic mechanical and thermodynamical properties such as the elastic moduli and interfacial energies. These high-aspect-ratio self-assembling peptides share some structural similarities with biological beta-sheet architectures, which also consist of hydrogen bonds parallel to the axis of the fibril or nanotube, leading to high inherent stabilities and elastic moduli ranging from 3 to 20 GPa [25, [29] [30] [31] [32] [33] [34] [35] [36] .
Despite these advances in a generalized understanding of supramolecular mechanics, the particular molecular detail of the underlying hydrogen bond network has been shown to greatly affect the capacity to dissipate mechanical energy [37] , the deformational mechanisms exhibited by these systems, such as the stick-slip mechanism in beta-sheet crystals [25] , and possible structural transitions under mechanical forces, such as the well-known B-S transition in DNA [38] . Thus, despite the general structural similarities between CPNs and other beta-sheet based materials, the signature structural characteristics of the CPNs, namely the small cross-section (only 8 hydrogen bonds) and the distinctive arrangement of the intersubunit hydrogen bonds in a circular fashion, make it necessary to explicitly study the CPN system to obtain quantitative insight into the behavior of these materials.
The persistence length is a simple, key metric for quantifying the rigidity of CPNs. The persistence length allows comparison between analogous protein structures towards a deeper understanding of supramolecular elasticity. Additionally, a fundamental understanding of CPN rigidity is necessary to pursue technological advancements where mechanical properties are of paramount importance. These applications include fillers in nanocomposites, or aligned, rectilinear transport channels in thin films. Furthermore, the study of the persistence length could give rise to design parameters such as membrane limiting thickness, over which the CPNs would adopt bent conformations that could potentially influence the trans-membrane transport. However, the persistence length of individual CPNs have not yet been directly studied experimentally or via simulation, due to challenges in reliably estimating this quantity of interest for brittle self-assembling peptides. Therefore, the first goal of this paper is to quantify the bending rigidity and persistence length of CPNs using fully atomistic molecular dynamics simulations and validating these findings by transmission electron microscope (TEM) experiments.
Fragmentation and failure kinetics on single molecules under a mechanical force has been previously studied, primarily for biological proteins and DNA [39] [40] [41] [42] [43] [44] . However, the deformational behavior of these systems, mainly governed by entropic contributions to the free energy [45, 46] , greatly differ from those of supramolecular assemblies of CPs composed of small, fairly rigid, building blocks stabilized by hydrogen bonds, giving rise to enthalpic elasticity and largely brittle behavior that is relatively less understood [21] . Thus, the second goal of this paper is to address this issue of understanding conditions that induce stochastic fragmentation of hydrogen-bonded supramolecular structures. For this purpose, here we establish a general analysis that blends structural mechanics concepts with fracture kinetics to obtain spatio-temporal distributions of CPN failure under bending loading conditions.
Methodology

Molecular dynamics (MD) simulations
We used the program NAMD [47] and the CHARMM force field [48] to perform all atomistic molecular dynamics simulations in explicit solvent. The system under study consists of a pre-assembled cyclic peptide nanotube composed of fourteen subunits distanced 4.75Å apart from each other in the axial direction, according to experimental measurements [1] . The chemical make-up of the cyclic peptide is cyclo[-(D-Ala-Glu-D-Ala-Gln) 2 -], with alanine amino acids in the D-form (D-Ala), and glutamic acid (Glu) and glutamine (Gln) in the conventional L-form. The modeling process followed to create the atomistic system employed in this study is outlined in a previous work [22] . The nanotube is placed in a solvated simulation box with periodic boundary conditions in the three dimensions. The dimensions of the box are carefully selected so that the CPN does not interact with any mirror images throughout the simulation. The equations of motion are integrated in the NPT ensemble at a constant pressure of 1 atm and constant . The assembly is stabilized by a hydrogen-bonded network (in blue) parallel to the axis of the nanotube. In the simulations the CPN is fixed at one end and is subjected to a uniformly distributed constant load, mimicking a cantilever beam configuration. The variables of the analysis indicated in the figure are: L CPN is the total length of the CPN (61.75Å), p is the applied load per unit length, and δ is the deflection measured from the center of the fixed CP to the center of the CP at the free tip. All the loads and constraints are applied to the C α of each CP. A cartoon representation of the nanotube cross-section is shown on the right. Using this cross-section we calculate the area and the second area moment of inertia, A and I respectively. temperature of 280 K (slightly lower than room temperature to reduce errors in persistence length calculations and extend H-bond lifetimes). The NPT control method combines the Nose-Hoover constant pressure method [49] with Langevin dynamics [50] to regulate the temperature. The time step is set to 1 fs. We allowed the initial system to equilibrate for 2 ns before starting the constant force simulations. After equilibration, multiple runs at different levels of load are performed. During these simulations one of the ends of the nanotube is fixed and a uniform constant transversal load is applied along the length of the nanotube, analogous to a cantilever beam under uniform load. A schematic representation of the boundary conditions and applied load is shown in figure 1 . All the boundary conditions and forces were applied to the C α backbone atoms of the CPs.
Elastic properties analysis: persistence length and Young's modulus
The simulation setup is analogous to a cantilever beam under uniformly distributed load. Due to the high aspect ratio of the CPNs used in this study, the contribution of shear forces to the deflection is presumably small, and hence has not been taken into account. The persistence length of the nanotubes is calculated using the following equation from elastic beam theory [51] :
where p is the applied load per unit length, L CPN is the CPN length, δ is the deflection at the tip of the CPN and k B T is the thermal energy. The deflection of the tip under the different levels of load is measured from the simulations. The trajectories are post-processed with VMD to obtain the time evolution of the deflection of the CPN tip (figure 2). The CPNs are seen to adopt a temporary stable deformed configuration under load where the deflection is nearly constant in time. We use this plateau region, where the nanotube is in quasi-equilibrium with the load, to extract the information of the deflection. The deflection variable δ was calculated as the time average over a time period where the fluctuation of the instantaneous deflection values was less than 5Å.
To calculate the Young's modulus we use the following relation [52, 53] :
where E is the Young's modulus, and I is the second area moment of inertia of the nanotube cross-section with respect to the bending axis. The inertia is numerically calculated from the orthogonal projection of the cross-section, where each atom occupies an area proportional to its van der Waals radius. The task of translating discrete atomic interactions of a complex structure to a continuum equivalent area to obtain an effective modulus is very challenging and contributes to uncertainty in the predictions of elastic properties. The reported values of the persistence length are not prone to cross-sectional area assumptions, and thus are expected to have higher accuracy than Young's modulus values.
Stochastic failure analysis
Here we establish a methodology for calculating the probability distribution (PD) of failure location and characteristic times of failure for a CPN under bending by Figure 2 . Time evolution of the tip deflection. This is an example to illustrate the general methodology employed to determine the equilibrium deflection under load p. Transitory stable deformed states, such as the one marked in the curve with an arrow, are observed before failure. Due to the stochastic nature of the hydrogen bonds, complete failure of the CPN is always observed at long enough times, independently of the loading level. We use the plateau regions of the curves, where the nanotube is in quasi-equilibrium, for the calculation of the persistence length. Snapshots of the CPN configuration at the beginning and at the end of the plateau are shown, stressing the low variability of the deflection in this region.
combining structural mechanics equilibrium analysis with kinetic Monte Carlo (MC) simulations for bond breaking. In the specific case of CPNs, the dissociation of the hydrogen bonds between two CPs (dimer) is the key failure event that leads to the fragmentation of the nanotube; hence bond breaking in a bent dimer section is taken as the basic element of our analysis. The dimer model consists of 8 hydrogen bonds distributed uniformly in a circumference of 1 nm diameter, equivalent to the CP geometry ( figure 3(a) ). The interaction potential of the hydrogen bonds are approximated by charge-dipole interactions [54] plus a repulsive term to account for intermolecular repulsion [55] . This potential energy function can be expressed as:
where r is the distance between the dipole center and the charge, and C 1 = Q H + m d /4π ε 0 ε depends on the dipole moment m d , the charge of the hydrogen donor Q H + , the bond angle ϕ, which here is assumed to be 180 • (perfect alignment between donor and acceptor), the vacuum permittivity ε 0 , and the relative permittivity of the medium ε. The values of the parameters C 1 and C 2 are selected so the main features of the potential energy profile ( figure 3(b) ), namely the depth of the potential well (U 0 ) and the equilibrium distance (r 0 ), adopt reasonable values for a hydrogen bond (U 0 = 4 kcal mol
and r 0 = 2.5Å). To account for the stochastic nature of the hydrogen bond lifetime under an external force, we use Bell's model [56] . In this model, the off rate of a single bond (inverse of the bond lifetime) is given by
, where ω 0 is the frequency of the bond, f is the applied external force on the bond, and d 0 is the distance from the energy well to the energy barrier. The values of the parameters used in this study (d 0 = 1.2Å and ω 0 = 10 13 s −1 ) are typical values for hydrogen bonds [57, 58] . Hydrogen bond reversibility is taken into account by using the reforming rate equation given by Kolmakov and coworkers in [59] ,
, where U on-off (r) is the difference in potential energy between a broken and a formed bond when the distance between the charge-dipole center and the charge is r. The instantaneous probabilities ( t = 10 −15 s) of bond failure and bond reforming are given by P off = 1−exp(χ off t) and P on = 1−exp(χ on t) respectively. In what follows, the variable h j indicates if the hydrogen bond j is active (h j = 1) or broken (h j = 0), and the variable f j = −∂U(r j )/∂r j is the force on hydrogen bond j (if h j = 0 then f j = 0), where j goes from 1 to 8 for CPNs, which can form at most 8 hydrogen bonds.
The dimer model is used to study bond breaking under bending deformation, which leads to tensile and compressive stresses along the section. We perform controlled deformation rate computational experiments monotonically increasing deformation while the hydrogen bonds are allowed to break and reform. The schematic of this iterative process is illustrated in figure 4(a) . First, a displacement d i is imposed on the dimer, where the subindex i stands for the iteration number. For each d i , we perform another iterative process where the equilibrium equation ( M(f j ) = M int ) is solved under the condition of pure bending ( f j = 0) for the active hydrogen bonds at each step k (k runs from 1 to n it ), obtaining an equilibrium angle θ k and an internal moment M int−k . It is possible to define unequivocally the internal moment for a given bending deformation by considering two degrees of freedom, d and θ (figure 5). The variable n it is used to determine the deformation rate, defined as v = d/(n n · t). At every iteration k, the breaking or reformation of the hydrogen bonds is calculated using a Monte Carlo routine ( figure 4(b) ) by computing the instantaneous probabilities of failure or reformation under the corresponding force f j . We iterate n it times, or until the section cannot bear any bending load h j < 2. This procedure yields the internal moment (M int ) as a function of bending deformation (defined by d or θ ). The failure moment, defined in this paper as the maximum internal moment (M fail = M int−max ) is observed to always occur just before the first hydrogen bond failure event, and thus failure of the first hydrogen bond is adopted as our failure criterion.
Multiple static deformation computational experiments are performed to obtain the PD of the failure moments of the dimer P(M fail ) τ i as a function of the characteristic time τ . The characteristic time, τ , is defined as the time elapsed from the start of loading to failure. The failure moment M fail is defined as the internal moment (M int ) on the dimer just before the failure of the first hydrogen bond. In these simulations, the dimer is fixed under static bending deformation (M int , d, θ) and τ is measured. The result of these experiments is a data set (M fail ) τ i that we present as PDs of the failure moment of the dimer P(M fail ) τ i . The PD of failure moment is equivalent to the PD of failure strength under the assumption that a dimer will fail if an applied external moment is larger than the failure moment. The final step consists of using the knowledge of the failure strength of the dimer P(M fail ) τ i to ultimately predict the PD of the failure localization P fail (x norm ) τ i in a CPN in an analogous scenario to the MD constant force simulations (figure 1). The normalized position x norm = x/L CPN is 0 at the fixity and 1 at the tip. In order to obtain P fail (x norm ) τ i we compute the PD of failure of a dimer P(M fail ) τ i under a given applied external moment M (probability that the dimer strength is lower than the external applied moment):
The specific loading conditions dictate the distribution of the external applied moments M(x) over the CPN. From equilibrium equations, the pertinent bending moment equation corresponding to the MD simulations scenario can be written as:
We can alternatively write equation (5) as:
where M max = 0.5pL 2 CPN and x norm = x/L CPN . We can substitute equation (6) in P(M fail ) τ i to finally obtain P fail (x norm ) τ i .
Experimental methods and characterization
2.4.1. Materials. Fmoc-D-Ala-OH, Fmoc-L-Lys(Boc)-OH, polystyrene-(2-chlorotrityl) resin (loading: 0.8 µmol g −1 ) and 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) were purchased from Nova Biochem. 2-propanephosphonic acid anhydride (T3P), 50 wt% in DMF, was purchased from Sigma Aldrich.
Solid phase peptide synthesis was performed using standard 9-fluorenylmethyl carbamate (Fmoc) protection chemistry on a Protein Technologies Prelude solid phase synthesizer.
Peptide synthesis.
2-chlorotrityl chloride resin was swelled for two hours in dry DMF (5 ml). Fmoc-D-Ala-OH (2 eq.) was dissolved in dry DMF (5 ml) and added to the solution, followed by DIPEA (4 eq.) addition and stirring for two hours. Methanol was added and the resin was filtered, washed and left to dry under vacuum. All consequent coupling reactions were performed using the automated Prelude solid phase synthesizer using standard Fmoc protection chemistry.
Procedure for resin cleavage of H2N-L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala-OH: the peptide loaded resin (400 µmol) was gently stirred in a solution (20 ml) of 1% v/v TFA, 5% v/v TIS in DCM for 60 min. The solid residue was then removed by vacuum filtration and washed with DCM. The filtrate volume was reduced under vacuum to near dryness, and the product redissolved with a minimum of DCM and precipitated using cold ether (50 ml). The mixture was centrifuged, and ether was then decanted. This step was repeated twice, resulting in a transparent gel-type precipitate. The solid residue was dried under vacuum to yield 0.35 g (75% 
Peptide cyclization.
H2N-L-Lys-D-Ala-L-Lys-DAla-L-Lys-D-Ala-L-Lys-D-Ala-OH (0.3 g, 490 µmol) was dissolved in dry DMF (800 ml). The solution was cooled to 0 • C in an ice bath. T3P (50%w/w in DMF), (2.25 ml, 3.4 mmol) was slowly added to the solution. DIPEA (450 µl, 3.4 mmol) was added slowly. The reaction mixture was left to stir for 2 h, and at room temperature for 1 day. An equal amount of T3P was added, and left stirring for another two days at RT. DMF was removed by rotovap at 70 • C. Boc was removed from the crude product by dissolving the latter in 10 ml of 95% v/v TFA, 2.5% v/v TIS and 2.5% v/v H 2 O. The mixture was left to stir for two hours at room temperature. The deprotected product was precipitated twice using cold ether (100 ml) to yield a white precipitate, which was dissolved in H 2 O (10 ml) and lyophilized, giving an off-white fluffy solid. The cyclization efficiency was found to be greater than 95% using analytical HPLC.
Transmission electron microscopy (TEM).
Images were collected on a JEOL transmission electron microscope at an accelerating voltage of 80 kV. TEM samples were prepared from solutions of the lyophilized material at a concentration of 2 mg ml −1 and then inducing the aggregation by adding 1 ml of acetonitrile (AcN) to 25 µl of the peptide-polymer conjugate in water to obtain a 0.1 mg ml 4 -] respectively differ. Although the side-chains are expected to play a role in the interactions of the CPN with the surrounded media and in the self-assembly process, the variants used here have similar characteristics. Furthermore, both compositions are structurally analogous, maintaining the planarity of the rings and the integrity of the CP backbone hydrogen bonding. For these reasons, we do not expect significant differences in the thermomechanical behavior.
Results and discussion
In this section, the results of the elastic properties analysis from the MD simulations providing the CPN persistence length are compared with the values obtained from TEM image analysis. Next, a typical failure process of a CPN is outlined. Finally, the PD of the failure strength of the dimer and the PD of the failure localization in the case of cantilever CPN under uniformly distributed load are presented. The role of the characteristic time on the dynamic fragmentation of the CPN is discussed.
An analysis of the metastable deformed state of the CPN under constant load gives insight into the mechanical behavior of CPNs preceding failure. Elastic parameters of the CPNs, namely persistence length and Young's modulus, are here quantitatively determined from the simulations using Euler beam theory. The persistence length values for the collection of loads used in this study range from ∼1.1 to 2.5 µm and the Young's modulus lies between ∼18.5 GPa and 40 GPa (insets of figures 6(a) and (b) respectively). The spread observed in the data shown in figure 6 arises from thermal vibrations and the stochastic behavior of hydrogen bond assemblies. Interestingly, these simulations show that the elastic properties measured, specifically persistence length and Young's modulus, depend monotonically on the applied load. From a statistical representation of the data collected from the MD simulations (figure 6), it is clear that the estimated values of E and ξ increase with the applied load. This trend may be explained by the non-equilibrium character of the loading stage in the simulations. Although a metastable state is reached where the deflection is approximately constant for a finite time period, the load is applied instantaneously to the CPN, generating a highly non-equilibrium transitory situation until the CPN is able to accommodate the load. For higher load levels this transient situation involves a shorter time scale for deformation, resulting in a stiffer response of the CPN. The results of linear extrapolations to zero force yield reasonable lower bound values of 0.46 µm for the persistence length and 7.8 GPa for the Young's modulus. Here we utilize data from TEM images (figure 7) to validate the MD simulations results of the persistence length, which correspond to zero force, equilibrium conditions. We find that the persistence length calculated from a linear extrapolation of simulation results to zero force (0.46 µm) is in good agreement with the TEM images where the average Kuhn length is b ∼ 1.2 µm (the persistence length is ξ ∼ 0.6 µm).
As a result of the loading conditions (cantilever beam under uniform distributed load) and the specific structural and morphological characteristics of the CPNs, a bending fracture mode localized at a single section is observed in all the simulations. Once a crack is initiated in one of the sections, the redistribution of stresses to other sections of the nanotube or the hydrogen bond reforming in a different configuration Figure 8 . Hydrogen bond time evolution and snapshots illustrating a typical failure event. The crack is initiated on the bottom part of the section due to the bending induced tensile forces and propagates toward the top until complete failure of the section. The crack tip is highlighted in the snapshots to facilitate the visualization of the crack propagation. The dashed line acts as a visual guide.
is unlikely [22] . Therefore, upon breaking of a few hydrogen bonds, the crack propagates until complete failure of the CPN due to the absence of dissipation mechanisms. At the section level, defined by two CPs, the bending deformation in the simulations generates tensile forces on the bottom and compressive forces on the top of the dimer. The induced tensile forces result in a decrease of the effective life of the hydrogen bonds, as envisioned by molecular theories such as Bell's model [56] , making the bottom of the dimer a weak spot where a crack can be more easily initiated and propagated. A series of snapshots from the simulations illustrating the crack initiation and growth processes are shown in figure 8 . In a deterministic framework, the fracture of the CPN should always occur at the fixity of the CPN, where the internal moments, and hence the tensile forces on the hydrogen bonds, are maximum. However, our MD simulations show that the failure is not always located at the first section of the CPN. This can be attributed to the stochastic nature of breakage of weak interactions, in this case, hydrogen bonds. Specifically, the effects of the thermal fluctuations on the fracture process are significant and failure can occur at any point along the nanotube due to the variable failure strength of the CPN sections.
The question that we wish to answer here is: how do the probability distributions of the location of failure depend on the dynamic applied force and boundary conditions? To seek an answer to this question, we use the stochastic failure analysis described in section 2 to theoretically predict the PD of bending failure strength of a CPN section as a function of the characteristic time P(M fail ) τ i ( figure 9(a) ). The process can be summarized as follows. First, the PD of failure strength of the material is estimated (using the static deformation experiments we obtain P fail (M) τ i ). Second, the internal forces in the structure are calculated for a given loading scenario (equation (5) in this particular case). Finally, the likeliness of failure at the different locations of the structure can be calculated P fail (x norm ) τ i . We stress the fact that the strength of the material is dependent on the characteristic time τ , or equivalently the deformation rate applied. Both concepts are analogous and related to constant force and constant force rate experiments respectively. By calculating the strength of the material as a function of the characteristic time, we can capture the effects of dynamic loading. Due to the fact that the only inputs of the method are fundamental parameters such as the hydrogen bond intrinsic frequency and potential energy landscape, this methodology is of general use and can be utilized to predict the PD of localization of failure for other supramolecular self-assembly structures with different geometries and/or arrangement of hydrogen bonds.
Failure strength probability distributions have been obtained experimentally in the past for other nanostructured materials, such as carbon nanotubes [60] or monolayer graphene [61] , but this study is, to the best of our knowledge, the first time that the problem is applied to supramolecular organic self-assembled structures. In figure 9 (a), a clear trend is observed, where the distributions shift to lower values of the failure moments as the characteristic time increases and vice versa. This analysis suggests that the moment required to break the nanotube in a short time scale needs to be higher, and small forces can lead to breaking at longer time scales. These results can be observed in figure 9(b) , where the average characteristic time τ as a function of the failure moment is shown. The scattered data can be fitted, with a great degree of accuracy, by an analytical expression of the form τ = τ 0 exp(−AM fail ), where τ 0 and A are fitting parameters with a physical meaning, evidencing the universality of the expression. In this expression, τ 0 corresponds to the characteristic time under no external force, and A determines the sensitivity and strength of the system to the failure bending moment, a magnitude that is directly related to the specific geometry and configuration of the hydrogen bond cluster. Similar exponential trends between applied force and unfolding rate have been observed in previous studies of single molecule experiments [39] [40] [41] . In summary, for higher deformation rates (corresponding to low characteristic times) the response of the structure is stiffer, giving rise to higher failure strength. Previous experimental and simulation-based studies [40, [62] [63] [64] [65] have shown that under non-equilibrium conditions, the stiffness or failure force displayed by the structure is higher than under equilibrium conditions, corroborating our observations.
More interestingly, this analysis can be translated into the spatial distribution of the fragmentation location in a nanotube as a function of the characteristic time scale of deformation. The predictions of the PD of localization of failure are shown in figure 10 , where two PDs corresponding to different characteristic times are shown. For short characteristic times, the PD of failure localization narrows down around the fixity of the CPN. As the characteristic time is increased, the strength of the material decreases, and the PD of failure localization broadens over the CPN. The PDs flatten out as the characteristic time is increased (decrease on the applied force), suggesting that breaking can occur at an arbitrary point as the characteristic time scale becomes longer. Our results are consistent with previous observations in single molecule denaturation experiments [39] [40] [41] . The great structural and morphological differences between DNA or other proteins and CPNs translate into vastly different failure mechanisms. In CPNs, the bending fracture mechanism consists of a single, rather fast, irreversible event in the sense that once the crack is initiated, the hydrogen bonds break sequentially until complete failure of a section. This mechanism is opposed to those observed in single molecules, where the entropic energy stored upon pulling can reverse structural transitions [38] or successfully recover from partial denaturation [42, 43] , in some cases showing some hysteresis [44] . However, the failure kinetics of CPNs under bending forces, characterized by the exponential dependence on the applied force, seems to fall in line with similar observations of kinetics in single molecule mechanics. These results support that single barrier theories may be applicable to a broad range of synthetic protein materials.
Conclusion
We have presented an extensive statistical study of the elastic constants of individual CPNs, namely persistence length and Young's modulus. This work is the first quantitative report of the persistence length of CPNs. We found good agreement between the extrapolations at zero force (equilibrium conditions) and the experimentally measured parameter from TEM, 0.46 and 0.6 µm respectively. These findings suggest that CPNs are stiff, rectilinear molecular constructs that could potentially be utilized as inclusions in polymer nanocomposites and functional thin films.
We have proposed a novel methodology that has allowed us to predict the localization of failure on a CPN under applied mechanical forces from a theoretical standpoint. We Figure 10 . Probability distributions of failure localization. The probability of the failure localization is given for two different characteristic times. The probability distribution spreads out over the length of the nanotube as the characteristic time increases, while for shorter characteristic times the probability distribution becomes narrower around the fixity, which is the location of maximum internal moment.
have established an approach to analyze the failure strength distribution of supramolecular nanotubes under bending deformation. This methodology can be readily applied to other self-assembled supramolecular structures stabilized by weak interactions. The role of dynamic loading on the strength of the CPNs and the consequent effect on the localization of the failure point has been studied, and this knowledge can be used as a guide to estimate fragment size distributions in current fragmentation processing techniques. The important role that the applied load level plays in the failure characteristic time and thermomechanical properties of supramolecular assemblies has been discussed. Higher loads, characterized by small characteristic times, are shown to lead to stiffer responses of the structure. We found an exponential dependence of the characteristic time with the bending moment, similarly to other biological systems such as proteins and DNA, despite the great dissimilarity in deformational mechanisms.
The physical insight of the CPN behavior acquired in this study could entail important implications in the current design and implementation of CPN structures in nanotechnological applications. Specifically, the stochastic framework for quantifying the CPN failure strength under external forces creates the possibility of performing rigorous and reliable structural analysis of CPN-based nanostructures, enabling efficient and reliable use of nanomaterials. We anticipate that the methodology developed in this work is broadly applicable to other supramolecular materials and hopefully provides new insight into the mechanical behavior of self-assembling protein materials.
